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CHAPTER - I 


GEMEEAE IMTRODUCTION 

1 . 1 lETRODUCTIOH 

Since the beginning uf cirilization, man has been tiying to 
understand, nature which surrounds him. Because of bis cuiiosity 
and continuous enhancement of knowledge, he has been imrolved in 
unveiling the mysteries of the imiverse by the space and other 
explorations. He has been asking questions such as 'wjpy is the 
universe made as it is* j 'what is its origin* | 'how did the life 
originate on this planet* and so on. He has been contemplating 
the development of various organisms such as plants, animals and 

beings and wondered how the ch an g i n g enviroimeat effects 
their sequential growth. He has been tiying to understand the 
origin of life itself and the mechanisms involved in making the 
life self-sustaining in tin adequately optimised manner, Sashevsky 
{19733 • When one tries to answer some of the later questions 
from physicoHaechanical points of view, the study is called 
Biomechanics. In short, Biomechanics is that branch of scientific 
knowledge which involves mechanics as well as biology. This 
encompasses studies regarding marphology and growth of plant* and 
animals, functions and mechanisms of their parts, and their 
interaction with the environment. 
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One of the most important biomecliardcal systems is the 
human body itself where the synovial joints play an essential 
role daring motion. In this thesis, we study the mechanism 
and functions of synovial joints by applying the well known 
theories in lubrication mechanics. Such studies fall into the 
general area of a new science called lubrication-biomechanics 
or biotribology. In fact, bio-tnlbology may be defined as the 
science of lubrication, friction and wear of a biomechanical 
system involving two surfaces in relative motion and separated by 
a very thin fluid film, Dowson and bright { 1973 ] • In this 

thesis, the emphasis has been given only to those eispects of 
synovial joints which can be investigated on the basis of hydro- 
dynamic lubrication theory, 

The investigations presented in this thesis give us a better 
understanding of joint-mechanism which would help in dealirg with 
the problems of replacement of diseased joint, Wilson [ 1967 J , 

McKee [1967] , arthroplasty of joints using foreign materials, 
Scales [1967] and in curirg different kinds of rheumatisms. Since, 
the synovial joints are more complex and novel in nature, the study 
described here can also be used in studying the behaviour of 
equivalent mechanical joints, which at present may not be commonly 
used, Further, on the basis of this study, new bearings can be 
designed and constoaicted for use in modem mechanical systems. 



1.2 SYKOVIAI JOINTS 


A synovial joini may be described as a weight bearing system 
consisting of two mating bones with tangential or no rmal motion# 

The bone ends which are usua,lly globular in appearance are covered 
with a soft sporge like material, called articular cartilage# 

The space between these cartilaginous extremities of the bones, 
known as joint cavity, is filled with a shear dependent flxiid, 
called synovial fluid. The whole system is surrounded by a 
fibrous capsule which consists of a tough fibrous sheath of 
connective tissue. The integrity and stability of the joint in 
the capsule, under different conditions, are maintained by various 
ligaments. The general physical configuration of a synovial joint 
(knee or hip) is shown in fig. 1,1. 

In a knee joint (fig. 1»2-a) the femur and tibia, two major 
bones of the leg undergo relative motion during body movements 
but the lateral bone, the fibula, normally does not take peart in 
the articulating motion, Engine and Korde [1974] . It ib the 
lower end of the femur, consisting of medial and lateral |picondyles 
end the upper end of the tibia, consistirg of medial and lateral 
plateaus that are covered with the articulating cartilagei| 
pteindler [1955] suggested that because of the obliquity o| the 
femur axis more load is supported by the lateral condyle than 


medial one. 
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In a hipy a ball and socket joints "th-® head of the femur 
foms the ball part of the joint and the acetabulm of the pelvis 
is the socket. Ihe structure and stshility of the joint are 
maintained by the congruence of the spherical femoral head within 
the acetabular cup and by various ligaments attached externally. 

The physical situation of a hip joint is shov;n in fig. 1,2-h. 

The synovial joints have high degree of geometrical conformity 
between their surfaces. Geometricallyj the hip joint can be 
represented by spherical surfaces while the knee joint by cylindrical 
surfaces. The radii of these surfaces vary from 2 to 100 cms. 

The sliding speed in the joint varies from 0 to 10 cam/sec. 

The load support area is large in the case of a hip joint than 
a knee joint (4.7 sq.cm), Dowson [1967] . The structure of the 

joint is such that it can support load as high as four times the 
body weight by keeping the coefficient of friction as low as 10 , 

Paul [1967] , Morrison [1970] . 

As the behaviour of the synovial joint is mainly governed by 
the characteristics of articular cartilage and synuvial fluid, in 
the follov/ing, we describe their properties in detail, Wri^t et.al. 
[1974] , MacConaill [I967j . 

Articular Cartilage ; 

The physical and chemical properties of the articular 
cartilage have been extensively studied by medical scientists 
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as v/ell as enginoers, Edwards [1967] , Mow [1969] , Walker et.al. 
[l968] , Mow et.al. [1974] . The articular cartilage is a 
soft glistening tissue with thickness varying between 1 to 7 nmi» 

It consists of cellSj the chondrocytes, embedded in a non— 
homogeneous, poroelastic na.trix of collagen fibrils, Edwards 
[1967] . Sokcloff [1966] , Edwards [1967] have studied the 
elastic behaviour of the cartilage, which is due to the interaction 
of collagen fibrils and sulfated proteins with water like liquid 
present in the cartilage matrix, Wright et.al. [1974] . The 
Young's mcdulvisof the cartilage has been found to be in the range 

0 g 2 

10 - 10 dyne/aa , McCutchen [1962-b] . The cartilage is 

slightly permeable and its permeability varies with the cartilage 

thickness and hydrostatic pressure, McOutchen [1962-b] . Its 

-13 4 -1 -1 

permeability is of the order 4.5 >^10 cm dyne sec and the 

-7 

pore diameter is of the order 6 10 cm. 

Clarke [1971-a] has made the seaming electron microscope 
study of articular cartilage and has pointed out that it is a 
layered medium (fig. 1.3)> Meachimand Eoy [1969] , Bavies et.al. 
[1962] , Mittal and Millington [1971] . The upper layer of the 

cartilage, knovm as superficial tangential zone, consists of 

-7 

randomly woven collagen fiber bundles, 5-20 k 10 cm in diameter, 
runring parallel to the cartilage surface. The thickness of this 
sheet varies from Ipm to 20 um. The cells in this region are 
different from those in deeper zones and are of elliptic shape 
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with lone:; axes parallel to the a,rticulating surfaces, Weiss et«al» 

[ 1968 3 , 

The surface roughness of the GartilPi;;e has been studied by 
Walker et.al. [1968 ] and it has been pcii ted out that the surfaces are 
v/avy with a regular periodicity of 20-50 p ni and amplitude of 
The erlstance of v/aviness of the surfaces has also been observed by 
Oardner and McG-illiyaiy [1971] and Clai'ke [1971-a] . 

Below the superficial tangential zone, there lie the middle 

and deep zones which are composed of more randomly oriented collagen 

-7 

fibrils, whose diameter ranges 30-5000 x 10 cm. In the deeji 
layer of the cartilage, collagen fibers seen to have radial orleiu* 
taticn, Mow et.al. [1974] . 

The upper cartilage zone is filled with (a,bout 70^ by we?.ght) 
water like fluid, which could be deperibed as ' dialysate phase of 
synovial fluid'.' The collagen fibrils which surround the tissue 
cells, represent 47—66% of the dry weight, isiatthews [1952] , and 
pro’nLde strength to the tissue. The rest of the dry wei^t 
composition is mainly chondroitin sulfate wiiich regulates the 
elasticity of the cartilage, Linn and Sokoloff [1965| t 

If?om the physico-chemical points of vieW) the partilege 
structure can be regarded as a gel consisting of a liquid pedium 
with solid colloidal particles dispersed in it. Thb colloidal 
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structure of the cartilage is helpful in accounting various 
mechanical properties such as viscoelasticityj linn and 
Sokcloff £1965] > tensile strength and resistance to compression 
etc, , Edwards [1967] , 

Synovial Eluid : 

The properties of synovial fluid have been studied by 
Davies [1966, 1967] , MacConaill [1966] , Walker et.al [1969] and 
surveyed by Mow [1969] and Wright et.al. [1974] . Synovial fluid 
is a clear or yellowish dialysate of blood plasma with the addition 
of a non sulfated mucopolysaccharide, known as hyaluronic acid. 

In a normal joint the concentration of the hyaluronic acid is 3.5 
Davies [ 1967] , Mow [1969] . The hyaluronic acid is a 

straight long chain polymer compound with molecular weight 500,000 

-5 -4 

and molecular len£-th of the order 5 ^ 10 - 10 cm, Dowson [1967] . 

It mfsy be noted that the acid molecules, noomially, can not pass 
through the cartilage pores because of their larger dimensiosas. 

The important physical characteristic of the synovial fluid 
is its viscosity which depends upon the concentration of the hyalu- 
ronic acid molecules in it, Dinterifass [1963,1966] , Davies [1967] . 
It also exhibits thixotropic and non-Newtonian pseudoplastic 
behaviour, Mow [1969] . Its viscosity ranges from 100 P at 
10”^ sec"’'* shear rate to 10 CP at 100 sec \ Dintenfass [1966], 
Ogston and Staneir [1953] and Negami [1964] have also suggested 
the viscoelastic behaviour of the synovial fluid. 
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The viscusity vexip.tion with respect to shear rate in the 
case of synovial fluid has been shown in fig. 1.4. It can be 
seen that it decreases as the shear-rate increases, showing a 
pseudo-plastic behaviour. In the present study, included in this 
thesis, we have assumed that the behaviour of the synovial fluid 
may be represented by a pseudoplastic power law model whose stress- 
strain relation is as follows, Bird et.al. tl960] : 
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Tiles© equations cleanly show "thaij fon n ■< 1 j the viscosity of the 
fluid decreases as shear-rate increases showing a pseudoplastic 
behaviour. By choosing m « 4.5 dyne sec /am , n ; .37* the graph 
corresponding to equation (I..4) can be approximately matched with 
the graph of fig. 1,4j and thus indicating that the choice of 
pseudoplastic power law model for the synoviea fluid may be a 
desirable one. 

Diseased Joint; 

The properties of the components of synovial joint? just 
described, are for a normal joint. These characteristics show 
marked variations in the case of diseased or damaged joint. In 
a rheumatoid arthritic patient, the synovial fluid looses its 
non-Newtonian behaviour, Bloch and Dintenfass [ 1963 ] . ■ Burch 
et.al. [I960j indicated that the concentration of hyaluronic 
acid in the synovial fluid decreases for a diseased joint. He 
also pointed out that the cartilage is affected at the sites of 
greatest pressure and becomes rough, frayed, blistered and cracked. 
Bor the old joints, the cartilage becomes softer, less resilient 
and may even wear out in certain cases. The hyaluronic acid 
molecules have a lower molecular weight for a rheumatoid joint. 

In such a case, the size of the cartilage pores becomeslarger, 
and hyaluronic molecules can pass through them. An injury can 
also cause an abnormality in the joint configuration and can 
effect the forces acting on the joint. Engine and Korde [1974] . 
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1.3 JOINT MECHAICCStfi 

In recent years, different modes uf joint mechanism have 
been proposed on the basis of well known hibrication theories 
used in bearing systems. These theories are as follows, 

Dowson [1967] 1 

(i) Hydi’‘oclyna.’iiG/Hyiiro 3 tatic lubrication. 

(ii) Boundary lubrication. 

(iii) Mixed lubrication. 

(iv) Elastohydrcdynamic lubrication. 

The process of hydrodynamic lubrication, occuring between 

two relatively moving surfaces which are separated by a fluid 

film, is mainly determined by the viscous property of the 

/ -4 -3 \ 

lubricant and the dimensions of the fluid film, (.10 - 10 

fig. 1.5-a. Here the surface rcughness is much smaller than 
the fluid film thickness. The pressure in the fluid film is 
generated because of the relative motion of the surfaces and 
wedge action. Yifhen the surfaces are no-t moving end the pressure 
is generated because of external pumping, the term hydrostatic 
lubrication is used. 

Boundary lubrication between two surfaces exists when 
the separation of bearing, surfaces is of molecular dimensions 
(10~^- 10“^ cm, fig. 1.5-S)^ Ihe frictional behaviour of 
the system is determined by ffl,olecular properties of the- lubricant 
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nnd the topography of the surface. The viscosity of the 
lubricant does not plsjy any part in the process of boundaiy 
lubrication, howson [1967 1 . 

When the lubrication between the tvro surfaces is determined 
both by the viscosity of the lubricant and molecular structure 

of the polar compound, the process is known as mixed lubrication. 

—6 

Tho range of film thickness in this case varies between 10 and 
10 ^ cm. (fig. 1.5-b). 

Elastoliydrodynamic lubrication is a hydrodynamic process 
in which fluid film pressure causes elastic deformation of 
bearing surfaces, which in turn modifies the pressure in the 
film region. The pressure variation can cause substantial changes 
in the film-thickness and fluid viscosity. The elastohydrodynamic 
action maintains a fluid film even under conditions of heavy 
loading (fig. 1 . 5-c) . 

Keeping these theories in view, efforts have been made to 
explain the low friction coefficient in the joint by considering 
the characteristics of its various components. First attempt 
in this direction was made by MacConaill [ 1932 ] . He proposed 
that the ''lubrication mechanism in synovial joints is similar 
to hydrodynamic bearings and is due to the formation of wedge 
shaped film between the cartilage surfaces". However, Chamey 
[ 1959 3 disputed the idea of hydrodynamic lubrication, "firstly 
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because this mode of lubrication is not suitable for reciprocating 
motion (v/hich the joint movements certainly have)} and secondly^ 
he doubted the existance of fluid film between slow moving surfaces 
under highly loaded conditions". Charney observed that ’’the 
friction coefficient remains constant for all speeds of the movements 
and hence it must be a case of boundary lubrication". He explained 
that "the molecules of the hyaluronic acid have chemical affinity 
for the cartilage surfaces and do not break away even under high 
loading. Thus, a film (proportional to molecular size) is maintained 
to avoid actual contact of the cartilage surfaces". 

Both MacConaill and Charney did not take note of the properties 
Of the cartilage, such as porosity and elasticity, in their theories. 
McCutchen [1959] was first to account the porous behaviour of the 
cartilage in explaining the mechanism of the joints. In his view 
"carijilagc is a weeping bearing and lead is carried by the hydrostatic 
pressure of the fluid which cartilage weeps xinder loading". However, 
if "the squeezing is maintained indefinitely, the liquid content 
of the porous cpLrtilage wculd be expelled and there would bQ an 
increase in friction coefficient". He explained that "the wringing 
out of water from the porous matrix follows a longer and d^ffipult 
path, while resoaking is easy", McCutchen [ 1962-a] . This' concept 
is known as "weeping lubrication" and has been supported recently 
by Mov? and Ling [1969] and Eadin et.al. [1970], [1972] . McCutchen 
[1966, 1967] further suggested that the weeping lubrication is 
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not tiiG sum total of the joint lubrication but it is accompanied 
by boundary and osmotic lubrication. 

Keeping in view the elastic nature of the cartilage^ 
Dintenfass [1963] and Tanner [1966] sut^gested that both synovial 
fluid and cartilage play an important role in the joint lubrication. 
Dintenfass put forward the concept of elastohydrodynamic lubrication 
and concluded that the lateral deformation of the cartilage is 
important in generating the pressure in the film* He also 
considered the macromolecular structure of the synovia and stated 
that the joint lubrication depends upon the thixotropic and 
elastic nature of the synovial fluid. Tanner [1966] supported 
the concept of elastohydrodynamic lubrication. 

Dowson [1967] also supported the existence of elastohy- 
drodynamic conditions in the synovial joints during normal body 
movement such as waiting and pointed out that" under severe 
conditions, such as jumping, boundary lubrication may also prevail. 
But under c^onditions of little or no movement, the joints function 
as elastohydrodyne^aic squeeze films". Pein [1967] studied the 
elastic effects in joints under squeeze film conditions. 

Walker et.al. [1968] used the results of cartilage surface 
analysis to introduce a new concept of lubrication which they 
termed as 'Boosted lubrication’. The mechanism of boosted 
lubrication suggests that "when two cartilage surfaces are 
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pressed against each other nominal contact areas wcjuld be fonaed 
due to roughness waves of the cartilages. The synovial fluid 
is trapped in these nominal areas and the trapped pool of fluid 
will contain high concentration of hyaluronic acid molecules, 
as water and other low molecular substances will diffuse through 
the cartilage pores". This action of entrapment and enrichment 
is important in the load bearing phase of the joint. The increase 
in hyaluronate molecule concentration enables the joint to support 
more load, howson et.al. [ 1970 ] . 

A review of the above mentioned theories has been presented 
by Mow [1969} and, Hadin and Paul [1972] . Mow pointed out that 
the rheological behaviour of synovial fluid and the cartilage 
slLOuld also be considered to explain the joint mechanism. Radin, 
and Paul [1972] presented a consolida.ted vie'w for the joint 
mechanism and suggested that "the effect of hyaluronate in 
cartilage to cartilage lubrication is very much limiijed and the 
term boosted lubrication seems to be a po'or choice to describe 
the phenomena". It has been suggested that the joint mechanism 
is a combination of various lubricating mechanisms at different 
stages, "Boundary lubrication is favoured at low shear rate, 
because of the presence of a boundary layer of glycoprotein 
molecules at the cartilage surface. However, at higja loads, 
these molecules are squeezed out and squeeze film action seems 
to be appropriate". In addition to it, "weeping action seems 
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probable during motion just in advance of the area of impending 
contacts 

Recently, Ling [1974] ^ presented a nev,' model for the 
certilage, accounting for its nonlinearity and poroelastic 
nature* His modal suggests that "the cartilage is cotaposlte 
which can imbibe and exudate and offers resistance in tension and 
compression", Thus, using Biot's theoiy of consolidation, he 
showed that "the theories of weeping and boosted lubrication are 
not exclusive to each other. The two modes operate in the 
begi nn i ng , but weeping lubrication becomes important aftej? some 
time", Higginson end Homan *[1974] have also studied the effects 
of poroelasticity of the cartilage on the functioning of human 
joints. 

1.4 CONCLUSIOHS AHD SllIMAEr 

In view of the ebore, it cs,n be noted that the funetioning 
of the synovial joints depends upon the followiaag: 

(i) Articular Cartilaget colloidal nature of its matrix, itd’ 
porous and elastic behaviour, pore size, surface roughness, 
its non-linearity ete» 

(ii) Synovial fluids its viscosity, its non Hewtonian character, 
concentration of hyaluronic acid in the fluid, the size and 
structure of the acid moleeules its interaction with 


cartilage surfaces 
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(iii) Dynamics of the fluid flow: laminar or turbulant, 
diffusive flow, reciprocating or normal movements, 

Darcy’s flow in the porous aa.trix etc. 

(iv) Joint geometry and position; Its sha.pe, size and 
confoimity, curvature of the joint surfaces, its 
position in the body etc. 

It may be summarized here that in standing position the 
mechanism of eynovanl joint is mainly governed by a combination 
of hydrodynamic, elastohydrodynamic or poro-elastic squeeze films 
and weeping lubrication. However, when the standing position is 
prolonged or in the case of jumping, the possibility of taking 
over boundary lubrication does exist. 

In the case of usual walking cycle or conditions of running, 
the mechanism is similar to poroelastic rollers under reciprocating 
motion coupled with the squeeze film action. 

It may be further noted that the lubrication behaviour of 
the knee joint is enhanced due to the increase in the byaluronate 
concentration, affinity of hyaluronic acid molecules with cartilage 
surfaces, pseudoplastic behaviour of synovial fluid, cartilag© 
porosity, elasticity and its surface roughness. 

In this thesis which consists of eight chapters we make 
a theoretical study of the following aspects in the case of 
synovial joints from the point of hydrodynamic lubrication. 
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(i) Effects of pseudoplastic bGh.a''n.our of the synovial fluid. 

(ii) Effects of cartilage surface roughness. 

(iii) Effects of elastic nature of the cartilage nattix. 

(iv) Effects of porous nature of the cartilage. 

(v) Effects of change in ccncentration of the hyaluronic 
acid nolecules in the synovial fluid. 

Chapter I gives the general introduction, highlighting the 
structure of tho synovial joint and the characteristics of its 
conponents. It is suggested that the synovial fluid may be 
represented by a pseudoplastic power law model. The various 
theories, proposed for joint mechanism, have also been described. 

In chapter II, we have made the mathematical fonaulation 
of the synovial joint system by telcixxg into account the psfjudo- 
plastic behaviour of the synovial fluid, the viscosity varip.tion 
with the concentration of hyaluronic acid raclecules, the poifosity 
of the cartilage, etc. The basic equation governing the 'ppesmre 
in the fluid film haS been derived by considering syncyia as a 
power law fluid. This equation, in fact, is a generalized fonp 
of Reynolds equation for power law lubricants. 

The equation governing the pressure in the cartilage matrix 
Has also been abtail®4 in an approximate fom. Ihese t»io equations 
whioli are non-Olnearlj related, form the basis of the entire stu(^ 
under different physical conditions. 
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In chapter III, the effects of cartilage surface roughness 
and pseudoplastic behaviour of the synovia on the raechanisin of 
knee and hip joints have been investigated under standing positions. 
The load bearing regions in cases of knee and liip joints have been 
apprcxinated by two rectangular and circuiar parallel plates 
nodels respectively. It has been pointed out that the time of 
approach increases due to cartilage surface roughness and due to 
the pseudoplastic behaviour of the synovial fluid when considered 
with respect to the film-thickness function. Purther, it is 
also noted that the boosting effect enhances the behaviour of the 
joint in presence of cartilage surface roughness. 

Chapter JV describes the combined effects of elasticity cf 
the cartilage matrix and pseudoplastic behaviour of the synovial 
fluid on the mechanism of joints. It has been pointed out that 
the time of squeezing increases due to the els.stic nature of 
the cartilage. Purther^ it is also noted that elasticity of 
the cartilage and pseudoplastic behaviour of the syiiovia enhancft 
the hydrodynamic conditions in the joint. It is ^suggested 
that synovial joints function as elas toby dro dynamic nori.**Fewtoniaih 
squeeze films. 

Chapter ¥ deals with the effects of porosity of ;gie 
cartilage on the mechanism of joints by taking into aepopit 
tl.e pseudoplastic behaviour of the synovial fluid. It iS 
shown that the load capacity and time of approach of the joints 
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increase with the permeability of the cartilage matrix in the 
normal direction but decrease with the permeability in the 
direction parallel to the cartilage surface. Thus, it is 
indicated that for better performance of the joint function, 
the permeability cf the cartila^je in the normal direction should 
be greater than its value in the tangential direction. In fact, 
tliis situation does exist in the case of synovial joint. 

In chapter VI, the effects of sliding of the joint surfaces, 
on the mechanism have been studied by considering the pseudoplastic 
behaviour of the synovial fluid. Due to elasticity of the cartilage 
the loaded region in the joint is assumed to be approximated by a 
linear wedge. This situation is applied under walking or running 
conditions. It is shown that the coefficient of friction depends 
upon the conformity of the joint and it decreases as conformity 
increases. 

In chapter VII, the effects of cartilage porusity on the 
joint mechanism have been studied by considei“ing the Newtonian 
behaviour of the synovial fluid whose viscosity varies with the 
concentration of the hyalurunic acid molecules in the fluid. 

It has been found that the load capacity and time of approach of 
joints increase as the concentration of hyaluronic acid molecules 
increases due to their consolidation and trapping in the synovial 
film. The effects of porosity are same as mentioned in Chapter V. 
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Chapter VIII describes the behaviour of diseased joints 
such as in the case of arthrities* It is found that the load 
capacity and tine of approach of this joint decrease as the 
joint becomes more and mere diseased. 



CHAPTER - II 


MATHE'MTICiU, MODEL POE THE MBGHMISM OP SINOVIAL JOUSTS 
2.1 EITRODOGTIOtJ 

As pointed out in chapter I , the well known concepts of lubrication 
mechanics can be applied to equivalent biological situations such as 
synovial joints and very useful and interesting results may be obtained. 
One of the ijo^jortant aspects of the study dealt here, is to make a 
realistic and simplified mathematical model of the system and then to 
find its solution in a tangible form which could be utilised by medical 
scientists and others. Since 1952, it has been realize! that the hmnan 
and mechanical joints function almost on the similar prii»eiple4. How- 
ever the human joints give better perfoimance due to their congjlexity 
and novelty in character* In fact, the joints in human body alje 
excellent bearings provided by nature so that the movements of yarious 
body parts can be effected by minimum loss of energy. It may 
Gonjj^ctured that joints in nature mi^t be functioning under t|ie most 
optimal conditions. 

Ii:i this chapter, an attempt has been made to present an idealized 
iBftthematical model governing the behaviour of the joint from tfee 
point of view of hydrodynamic lubrication theoiy. Eae emphasis has 
been given on the poroelastic behaviour of the cartilage and the 
yiscous property of synovial fluid which is due to the suspaagion of 
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proteins and hyaluronic acid molecules. 

It is well knoTOi that when an additive is added to a sbluticn 
to fora, a suspension, the viecosily of the suspension increases as the 
concentration of the additive increases, Einstein , [1906] , Eutgers £1962], 
Mow £1969] , Sliukla [1972] . Keeping this in view, the 'behaviour of 
synovial fluid can be considered in two ways; firstly as a Newtonian 
fluid whose viscosity varies with the concentration of hyaluronate 
molecules, secondly as a non -Newtonian fluid with pseudoplastic behaviour. 
It is assumed here that the pseudoplastic behaviour of synovial fluid 
may be represented by a power law model as pointed in chapter 1, Bird 
et, al.£l960] . 

2.2 ECJQATION FOR PRESSURE RI THE SINOVIAI EIIJII) FIM 

The physical structure of the joint has already been 

described in chapter I and shown in fig. 1.1. It has also been pointed 
out there that geometrically the joints raay be represented as two 
'cylindrical or spherical surfaces. Since the cartilage is porous 
and saturated with a liquid, the system of synovial joint may be 
considered as two curved surfaces with porous liners lubricat#d by 
synovial fluid. The simplified physical configuration of the synovial 
joints is shown in fig. 2.1. Here H denotes the average thi^mess of thi. 
cartiXage which includes both superficial tangmtial zone and middle 
deep zones and denotes the thickness of superficial tangential 
zone only. The surface velocities of the cylindrical surfaces, in 
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contact with the synovial film of thickness 2h, are denoted by U and T 
which are assumed to be acting in the directions shovan in the figure, 
such that the behaviour of the system is symmetrical during motion. 

Under the well knovai assumptions of lubrication theory, linkus 
and Stemliciit {l^6l] f Dowson [1962] and using pov/er law model for 
the synovihl fluid, Bird et. al. [i960 ] , Kapur [1963] , Shukla [1963, 
I964,a,b], Isa [1974 ] , the basic equations governing the motion of 
synovial fluid in the joint cavity can be written as follows ; 


3P 

= ~ { m 
3y 

|/(^2 ^ 
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3y 

57 

(2.1) 

IE 
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(2.2; 


where m = m(x,y,z) is the consistency index and n is the flow 
behaviour index assumed to be constant. 


Ihe equation of continuity is given by 


as ay az 


(2.3) 


where u,v, w are the velocity components of the fluid in the region 
-h ^ y ^ h. 


As the system is gymmetrical with x-axis, it is sufficient 
to consider the system in the region y ^ 0, z '^0 for determination 
of velocities. Keeping the symmetry in view, the boundary conditions 
for u and w can be written as follows : 
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(2.4) 

(2.5) 

whei?e 2h is the fluid f ilia thl.ckne ss and nay be a function of x, z. f 

For n 1 , equations (2.l) and (2.2) are non-linear and it is 
not possible to get their solution exactly. However, for n = 1 , the 
non-lanear tern disappears end these equations can be solved exactly. 

To achieve their solution in the general case (n 1 ), since there is 
no surface velocity in the z-direction, it may be assumed that 
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Under these assumptions, the 
simplified to the following form, 


3x ay ^ Uy > 3y ^ 


= -2_ 
3 z 3y 


{m 


ou I 3 W j 


9y 


3y 


equations (2.1 ) and (2.2) mhy be 

( 2 . 6 ) 

(2.7) 


The equations (2.6) and (2.7) Involve absolute value of velociiy 
gradient — , and it is required to give the appropriate sign to it. 

sy 

For this, we resort to the physical situation of synovial fluid flow 
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as shown in fig. 2.2, where pressure and velocity profiles are qualitati- 
vely drawn. It can be pointed out here that the pressure becomes ambient 
at the points out side the zone considered and it takes a maximum value 
at X = , z = 0 i.e. 

= 0 at x = x^ 

( 2 . 8 ) 

^ = 0 at z = 0 

o 2 

The last condition is due to symmetrical pressure In the z-direction. 

Thus, in the region x. j<x<£, z>0, ^<0* 0 and 

in the region Xo < x < x. , z > 0 » ■^ < 0. 

2— — V — ^ax“^3Z — 

Keeping this in view, it may be noted that 

~ < 0 in the region x . < x < a , y > 0 } and 

By 'I — . — - — 

Bu. 

- — ^ 0 in the region x„ < x < x^ , y> 0. 

dy 2 “ — 1 — 

It may be noted here that the problem of generalizing Reynolds 
equation in two dimensions for power-law fluid has been lying unsojyed 
since the start of non -Newtonian lubrication theory nearly two decades 
ago. It is because of these physical considerations that we have been 
able to proceed further. 

Thus, from equations (2.6) and (2.7) we have 
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in tile region Xj£x j^£,y^O, z^O; 



( 2 . 11 ) 


3p 3 r 1 

3z 3y ^ ® hy* 3y ^ (2.12) 


in the region Xg <_ x , y 0, z ^ 0. 

Solving equations(2.9 ) to (2.12) with the boundary conditions 
(2.4) and (2.5) in the two regions, we get 


u = - U - (- / (f )1/“ ay 

(2,13) 

3u _ 

9y = - 

(2.14) 

w = C- C|^) f dy 

3x 3z h n 

(2.15) 

- f- ^ 1 IL fy-ji/n 

3y '• 3x 3z 

(2. 16) 

in the region ^ x ^ fi,; and 


u . - c - Cf-)*'" / dy 

9x h ™ 

(2.17) 
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(2.18) 


, = (2E:, / d, 
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(2.19) 
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in. the region ^ x 


Kie flow flux in the x and z directions are defined as 


03. = / ^ 


Q = / w dy 
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which on using equations (2.13)» , .(2. 15 ), (2.1?) and (2.19) giye 
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Q = - p (- a£) “ M 
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in the region x^ i ^ ^ 
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i ^ ^ ^ 

f ^ J ^ 

o 

Integrating equation of continuli^y (2.3) with respect to y and 
using the symetiy conditions v = Tj^ at y = h and v = 0 at y = 0, we get 

udy+u||+~ / wdy] (2.26) 

Here, is velocity in the y-direction at y = h and includee 
the squeeze velocity V, the normal components of the surface velocity IJ 
and the velocity of fluid, flowing from the cartilage to the synovial 
fluid film due to compression of the porous cartilage under loading i.e. 




(2.27) 


where is the velocity of the fluid in the porous matrix to be 
determined by using Darcy’s law. 

liUT'if substituting the respective values of u and w from equations 
(2.13) , (2.15), (2.17) and (2.19) in equation (2.26); and on aiii||iiiying 
we get the following equations for determining the pressure in tb^ two 
regions of the synovial fluid film. 
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The above equations teike into account the squeezing 
(st.anding or jumping position) as well as sliding (walking or 
running position) effects of the joint movements. 

These equations may also be seen as a generalized form of 
Reynolds equation applicable in the case of non-ffewtonian power law 
model lubricant. 

To determine the pressure, the following boundary conditions 
may be used for solving equations (2.28) and (2.29), respectively, 

p = 0 at X = a 

^ = 0 at X = X, 

3 X 1 

( 3 . 30 ) 

p = 0 at z = b/2 

= 0 at z =s 0 
3a 

for the region 

|£ = 0 at z >= X, 

P-0 atx = x, 

p * 0 at z = b/2 

= 0 at z * 0 

o Z 

in the region x^i x: <x,, where x, la to be deteimlned Hy uaing 


the continuity of pressure 
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Hien there is no or little leakage in the z-direetion i*e. 

^ 0, the equation (2*28) and (2.29) reduces to the follovdng simple 
form : 


{F (- } = U ~ + T + V ( 2 . 32 ) 

3x dx 3X p 

for x^ ± X £ £ 

{p (■^)''^^} = - U - V - V ( 2 . 33 ) 

3 X ^ gx 9x p 

for x^ ^ X 

In the case of walkiig cycle equation governing the pressure 
in the fluid, can be written as follows [from equations (2.32) and (2.33)] » 

^{p(_lE)Vnj^ u|| (x^<x<£), ( 2 . 34 ) 

(2.35) 

However, in the case of standing position (U = O), the two 
regions become symmetrical and the following equation determining the 
pressure is applicable, 

I; tJ (- = Y + {2.36) 

in the region 0 

In the above cases when m is a constant, the function P 
reduces to. 
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^2+1/n 

(2 + 1/n) 


(2.37) 


2.3 SqUATIOI'I FOR PRESSURE DI THE CARTILAGE ii4TEIX 

Many investigators have studied the effects of porosity of 
bearing surfaces by using Darcy's law in the porous matrix and an 
appropriate Reynolds equation in the fluid film region, Mori et. al. 
{1969], -'(U [1970 ] , Hsing [1971] . As the cartilage surfaces are also 
porous, the same methods can be applied to investigate the effects 
of porosity in ^novial joints, ling [1974]. It has been pointed out by 
How et. al. [1974] that under walking conditions, a typical loading 
cycle takes approximately one second, Kempson [1968] t 3nd for such, 
a short duration the porosity effects may be neglected. In view of 
this, we considei' the effects of uorosity in the case of standing 
position (squeeze film) only, by neglecting curvature and other effects 
in the model. 


The physical situation, representing the flow behaviour in the 
cartilage matrix under squeeze film conditions is shown in fig.2.3» 
The equations governing the flow in the porous region (h ^ y £_ h+H, 
x> 0 ) can be written as , Mori et. al. [1964] , 
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Here is the average velocily v/ith inspect to the cartilage 

thickness in the x-direction and is the average velocily of the 

fluid flowing from the porous matrix of cartilage towards the synovial 

film, ^(x) is the average pressure of the fluid in the matrix with 

respect to the cartilage film-thickness H, H is the thickness of the 

s 

superficial tangential zone, k pejmeability in the x-direction, k 

X y 

permeability in the y-direction and is the viscosity of the fluid 
present in the cartilage matrix. 


Using continuity condition in the porous matrix, we have from 
equations (2*38) and (2.39) 
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C- 
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3x 
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dt 


v 


(2.40) 


v/here, V' is the squeeze velocity of the cartilage surface at y = h+H 
7/ith respect to the cartilage surface y = h, in the direction of synovial 
fluid film. 


In the case of squeezing for which the equation (2*40 ) is valid, 
the boundaiy conditions for P are, 


•— = 0 at X = 0 
dx 


(2.41) 


P = P^ at X = 

where is the pressure generated in the porous matrix due to the 
compression of the cartilage matrix. 
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Por k 0, i.e. when there is no flow in the x-direction of 
the cartilage matrix, the equation (2.40 ) can be approximated as follows 


yt _ _ .22 jj; ¥. 

^ - 3t ^ U H 


(l-p) 


(2.42) 


0 s 


To see the effects of porosity of the cartilage on the joint 
mechanism, equations (2.36), (2.39) and (2.40) should be solved 
simultarieously . 


2.4 A PAETICUIAE CASE 


As pointed out earlier, the behaviour of the synovial fluid 
can also be considered as a Newtonian. jSkiid whose viscosity varies with 
concentration of hyaluronic acid molecules. In such a case, the 
equation governing the pressure in the synovial fluid film can be 
easily written from equation (2.28) or (2.29) as follows, by taking 
n = 1, 


9x 





(E -S^.) - V - V 

3Z P 



(2.43) 


where 

h 2 

E = / ^ dy (2.44) 

0 ^ 

and u is the viscosiiy of the synovial fluid to be determined as a 
function of concentration. 

To see the effects of porosity, in this case also equation (2.45) 
should be combined with equation (2.40). 
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DeterEiinaticn of y : ^ 

fo determine the viscosity v of the synovial fluid as a 
function of concentration > G, of the hyaluronic acid noleoiles* it 
is assumed that v is linearly related to C, Hutgers [1962] , Uegami [1964], 
Shukla [1972] . 


Ur= (l + XC) (2.45) 

where is the viscosity of the fluid present in the porous matrix 
of the cartilage and X is a constant. 

The concentration C of the hyaluronate depends upon whether the 
joint is normal or diseased. It also depends upon the processes such 
ae diffusion, biochemical reaction, consolidation, trapping, etc, 
during joint movement. 

To determine C in the case of a normal joint, it is assumed 
that the concentration C is determined from the following equation 
(convection etc. are neglected) 

D + M = 0 ' (2.46) 

3y 

where D is the diffusion co— efficient and M is the rate of increase 
of hyaluronate concentration due to consolidation and trapping because 
of cartilage surface waviness. Walker et, al. [1966] . In the case 
of a normal joint, since the sisse of hyaluronic acid molecules is 
larger than the cartilage pores, no mass transfer at the cartilage 
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surface takes place. In such a case M aay be aesumed to be a constant* 


Due to syianetry in the system, the following boundary conditions 
for C are applicable, 


l)i£ = 0 aty = 0 

»y 

G = Cq at y = h 


(2.47) 


where is the concentration at the cartilage surface. 

Solving equation (2.46) and using the boundary conditions (2*47)j 

we get 


o = o„+§(ti^-y^) ' <2-«) 

which on combining with equation (2.45) gives the final expression for 
the viscosii^’' of the synovial fluid in this case, 


u *= y^-. 


[ 1 + X c 

O 




(2.49) 


However, in the case of a diseased joint (if cartilage is 
diseased or hyaluronic acid molecules in the synovial fluid are being 
destroyed by bacterial reaction), the concentration is assumed to be 
given by the followiiig form of diffusicn equation 


D - a 0 = 0 

ay 


(2.46-a) 


where a > 0 is the rate of decrease in ccncentration. 
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The boundary conditions in this case can be written as follows 



0 at y a= 0 


0 fc: at y Si h 


(2*47-a) 


where Gjj is the concentration at the surface of the diseased oaftilage'i 


Solving equation (2*46‘“a) and using the conditions (2*4?“a) ,we 
get the concentration distribution of hyaluronic acid mole<juit#$ to the 
case of a diseased Joint > as follows { 


C = 


cosh yy 
cdsh yh 


|2»48-a) 


v/here Y 


Pinallj’’ the expression for p in this case can be written by 
combining equations (2,45) and (2»48~e) as follows i 


11 = 
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E 1 + 



Qoshyy , 
cosh Y h 


(2,49-a) 


2,5 COT cnj SIDES 

In this chapter we have derived the basic equation governing 
the pressure in the ^novial fluid film by considering it as a ncai- 
Eewtonian power law fluid. The equaticaa governing the pressure in the 
porous cartilage matrix is also given. 

The equation determining the pressure in the synovial film, 
for Eewtcsnian fluid model of synovial fluid whose viscosily varies with 
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concentration of the hyaluronic acid molecules, is also obtained as a 
particular case* 

In the following chapters some of these equations would be used 
to study the mechanism of the joint by talking into account the non-* 
Newtonian behaviour of the synovial fluid, cartilage surface roughness, 
cartilage elasticity, cartilage porosily etc* 



CHaPTER - III 


BPPECTS OP CAHIIIAGE HOU&HIIESS ALil) PSEUDOPIASTIC 
BEHA,YIOUR OP SISOYl^'h PHJIS 

5.1 IlTROItJC'TIOH 

The electron microscopic studies have shown that the cartilage 
surfaces are wavy 5 Walker et.al. [1968j . It has been suggested 
that "this wavy nature of the surface is due to regular array of 
large collagen bundles embedded in a porous matrix immediately 
adjacent to the surface". Clarke [I971-b] put forward a different 
point of view for this wavy character and suggested that the 
surface contours are created by the collapse of sub-adjacent 
lacunae, Mow et.al. [1974] . It has also been pointed out that 
duo to waviness of the cartilage surfaces, a phenomenon, known as 
boosted lubrication, takes place. The consolidation and trapping 
of the hyaluronic acid molecules in the roughness grooves, under 
sq^ueezing process, result in boosted lubricatioxi. Walker et.al. 
[1968] , Dowson et.al. [1970 ] . 

In view of tiiis, the effects of surface roughness and 
boosted lubrication have been studied in this chapter. Here, 
the synovial fluid has been considered as a pseudoplastic fluid. 
The effects of cartilage porosity have not been taken into 
account and would be considered later. The following two eases 
have, been taken for the joint geometry, 
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Rectangular Plates Model: rl«re the load bearixig region of 
the joint has been approximated to two rectangular parallel 
plates. This model is applicsible to the case of a Imee joint. 

2* Circular Plates Model: Here the load bearing region of the 
joint has been approximated to two circular parallel plates. 
This model is more suited to the case of a hip joint. 

To see the effects of surface rou^iess theoretically, it is 
assumed that the surface waviness is represented by a superposition 
of cosine waves (fig. 3.1 ). The fluid filn thicfeness function can 
then be wiritten as follows 



in the case of hip joint model. Here, 2h is the aeah filci*<- 
thickness of synovial fluid filn, hhd 

amplitude and wave-length respectively’' of the jth wave representing 
the waviness of the cartilage surface. It nay be noted here, 
that s. (for all j = 1,N) are nuch snaller than the mean :0.uid 
filn thickness, 2h, under hydrodynamic conditions for lubrication. 
Further, for fixed when the wave-length 2tra^ decreases, the 

asperities get closer and the surface becomes more rough, but in 
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case 2 TTa increases, the surface tends towards smoothness, Shukla and 
Prasad [1966] . 


The effects of boosted lubrication hare been accounted by 
considering the consistency index m, of the po?/er law model of the 
synovial fluid, to be related with f ilm-thickn ess function as follows 

m = [1 + |-] ( 3 . 3 ) 

r 

where & is a constant and accounts for the boosting effect and 
is the consistency index of the synovial fluid when there are no 
boosting and no squeezing effects, Dowson et. al. [1970] . 

3h the following, the various characteristics of the joints are 
studied in the case of standing or jumping positions (squeeze films). 

5.2 EECmGQLAE PLATES MODEL (MEE JOEJT) 


The physical situation in this case is shown in fig. ( 3 . 1 -a). 
The basic equation goveming the pressure in the synovial fluid film 
is obtained from equation ( 2.36 ) by putting = 0 and replacing h by 

h , as follows 

r’ 


2 + 1 /a 


d <• “r I ^)l/n ] ^ y 


[ 


dx 2 + 1 /n. ^ m dx'' 


( 3 . 4 ) 


where h is given by equation ( 3*1 )• 
r 

Solving equation (3.4) with the following boundary conditions 
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=0 at X = 0 
dx 


p = 0 at X 


(3.5) 


the expression for pressure distribution is obtained as follows, 


„ ^ n 

^2n+1 / m X 

P=(— V) / 

X h 


(3.6) 


The load capacily W of the joint is defined as 
I 

W = 2b/ p dx 
o 

which, on using equations (3.3) and (3.6)»giyes 


^ n4'1 

^ 2b (-^ j -4:^7 (1 + f") 


G_ 

^ ,2n+1 h 

oh T 

r 


(3.7) 


The time of squeezing t, the time taken by the upper surface 
iii approaching the position h^ from h^ under a constant load W, is 
given by, 


t = 


2n+1 

n 


2b m. 


b\l/n 


h. £ 

/"[/ 


n+1 
_x 

2n+1 


(1 


+ 


G_ 

h 


) <3.2:] 


1/n 


dh 


(3.8) 


In a particular case when roughness effects are neglected 

( e. = 0 ), the corresponding expression for load capacily and time 
3 

of Squeezing can be written from equations (3.7) and (3*8), as follows 


w = ^ vf (1 + 


n+2 


n 


h2n+1 


t 


2n+1 

n+1 


(n+2)w 

“f 


(3.9) 

CENTS AL UBR^f > 

R 46228 



(3.11) 


" _ 1 a. ’^+'1 S 


h 


{ 1 “ (t:^) 


f \2+l/n 




} 


and << 1. 


It can be aeen from equations (3.9) and (3.10) that both load 
capacity and time of approach increase as 0 increases (for Gr/h^<< l). 
The case of Hewtonian fluid is obtained by putting n = 1 ^ and we get 
the same results as obtained by Dowaon et, al. [1970] . 


To see the effects of pseudoplaetic behaviour on the time of 
squeezing, the expression given by equation (3.11 ) is plotted in fig. 3, 2. 
It can be seen from this graph that t increases as n decreases i. e. as 
the pseudoplastic behaviour increases. 


The effects of surface roughness on the load capacity and time 

odT squeezing can be seen from equations (3-7) and (3.8) respectively, 

where h^ is given by equation (3.l),. However, under hydrodynaatic 
e. 

conditions 1 the various powers of h^ can be approximated as 

follows ; 



To simplify the mattef further, we assume that the cartilage 
surface is fairly rou^. In such a case, as pointed out e&nlier, 
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would tend to zero. Under this condition, it can be seen that the 
following integral 

/ cos — dx < (3»13) 

0 ^3 

(for s ^ 1 , r ^1 ) 

tends to zero. 


Cn using the above approximtions, the equations (3»7) and (3*8) 
can be simplified as follows ; 


2b m _ „ an+2 

W = ^ vf W . W 


n+2 n 


2n+1 


(3.14) 


„ . 2 m b . / J+2/n 

2n+1 , 0 , 1/n £ ^ T 

" n+1 ^ (n+2 )W ^ 

“f 


(3.15) 


where, 




(1 +|) +£±1 {(2n+l) + (2n+3)|} ^ {-^f (3.16) 

j=1 


■ A t(l f) ^ t(2n+l) + (2n+3) . 


t = 


n 


G- 

h 


d=1 h 


'2+1/n 


(3.17) 


and h = h/h^ , h^ =h^/h^. 


Prom equation (3.16), it is seen that W increases as G or 
increases. Hius, the load capacity of the knee joint increases due 
to cartilage surface rougjaness as well as due to the boosting effect. 



It ±3 also noted from the second term of equation (3.16) that the 
effect of boosting combined with the cartilage rougjiaess further 
enhances the increase in W. 
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To see the behaviour of t > equation (3.17) is plotted in 
figures 3.3 to 3.5 . It is seen from fig. 3*3 that t increases 
as cartilage surface roughness increases or as n decreases. Jirom 
fig. 3.4 it is noted that t increases as boosting increases and 
this effect is enhanced by pseudo-plastic behaviour of the synovial 
fluid. It is also seen from fig. 3.5 that t increases as roughness 
increases or as n decreases in presence of boosting also. Prom thes 
grs-phs, it rony also be concluded that the effects of boostiagj rough- 
ness and pseudoplastic behaviour of the fluid are all favourable and 
enhance each others effect in combined form. 

3.3 CIRCULAR PMTES MODEL (hip JOHJT) 


The physical configuration of the hip joint represented by 
two circular plates is shown in fig. basic equation 

for determining pressure in this case can be written as follows ; 


, 2+l/n 

r dr 2+1/n ni dr' 

where h^ is given by equation (3.2) 


(3.18) 


The boundaiy conditions determining pressure are, 







hf /hj 


F,q 3.5, variation of t With h,/hjvtor difterent values of n dncl 

1 (€j/hf)^ and G/hf = 50:0. 
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p = 0 at r = r 

0 

= 0 at r = 0 
dr 

where is the radius of the circular zone. 


(3.19) 


As before, integrating equation (3.1S) with the boundaiy 
conditions (3*19), the expression for pressure is obtained as 


( 2ii-f 1 

^ 2n 


V) 


n 


n 


mr 


2n+1 


dr 


( 3 . 20 ) 


The load capacity in this case is defined as , 
r 

W = / 2'irrpdr 
0 

which, on using expressions for p and a fron equations (3»20) anl 
( 5 . 3 ) respectively, gives 


/2n+1 , lx X . 

V/ » Y) f (1 +~) dr 


0 h 


2a+1 


h 


(3.21) 


Now, the time of approach, t, for the upper surface to approach 
from the initial position h^ to final position h^ is givm aa follows 


t . ^ /" t r° ^ (1 ^ f ) «■ (3.22) 


h. r n+2 


2n ' W 


h^ 


2n+1 


h 


In the case of smooth surface, e. = 0 the expressions for W and t 

can be written as follows t 

n+3 

Trm ^ r „ 

0 f2n+1 ,,\n o /. 

U 


(3.23) 
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and 



2n+1 

n+1 


{ 


(n+3)w^ 


^14-3/n 

0 


^1+1/n 


t 


where. 


t = 


/^Nl+l/n 
\h. ^ 


1 


^ n+1 ^ 

n (2n+l ) h^ 


{1 


i 


and G/h^ « 1. 


(3.24) 


(3.25) 


Prcn the above equations, it is seen that the effect of boosting 
parameter, G, is to increase the load capacity as well as the time 
of approach. The case of Newtonian lubricant can be obtained by putting 
n = 1 in the equations (3.23) and (3.25), which give similar results 
as obtained by Dowson et. al. [l970 ] . 


The effect of pseudoplastic behaviour of the lubricant is 
similar to the case of rectangular plates as t given fay equation (3»25)is 
sane as in equation (3.10) of the previous case. 


To see the effect of surface roughness , equations (3.21 ) and 
(3.22) are integrated by substituting the value of h^ from equation 
(3.2). After making similar assumptions as ih the previous case, the 
expressions for load capacity and time of approach are obtained as 


follows t 

TTm „ ^ 

2. ( 22±1 y) 

3+n ^ 2n ^ 


, 2n+1 
h 



W = 


( 3 . 26 ) 
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and 


2n+1 ^0 \l/n 

2rx+2^a+3*7/ ^ 


r1+3/n 

0 



t 


where, 


(3.27) 


W= 1 + | + ^{(2n+0 + 


(2n+3)|} f i-^y 
D=1 


(3.28) 


t = 


n+l 

n 


h. 

/M(l 


1 




{ (2n+l) + (2 q+3) ^ } • 



(3.29) 


Erom equations (3-28) and (3.29) it is again noted that W and t 
increase due to boosting and cartilage surface roughness. This increase 
in t is further enhanced by the pseudoplastic behaviour of the synovial 
fluid. As the expressions for W and t are same as in the previous case, 
these results can also be noted from figures (3.2) to (3.5). 


3.4 COFCnJSIOFS 


In this chapter, the effects of cartilage surface rou^ness and 
the pseudoplastic behaviour of the synovial fluid have been studied 
on the time of squeezing of synovial joints in the case of standing 
position (squeeze film). It is shown that the time of squeezing 
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increases due to cartilage sarfa.ce roughness and due to pseudoplastic 
behaviour of the synovial fluid when seen with respect to the filn- 
thichross function. 

Tne effects of boosting is also c isidered and it is pointed 
out that the boosting effect combined with cartilage surface roughness 
increases the lo.ad capacity and further delays the tine of squeezing. 

It n'ly be noted that the analysis presented here supports the 
concept of boosted lubrication even when the non-SIewtonian behaviour 
of the synovial fluid is taicen into account. 



CEAPIZR - IV 


SPPECTS OP CARTILAGE ELASTICIIY ML RQj-i^EWTOJIM BEHAVICUR OF SIROVIAI 

PIUID 


4 . 1 MTaOBUGiroi 


In chapter III, we have studied, the effects of cartilage surface 
roughness and the non-Kewtaaian effects of synovial fluid on the 
characteristics of knee and hip joints by assi gn i n g that the load bearing 
region can be approximated as parallel plates. In this chapter, we 
study the effects of card:ilage elasticity on the time of S(jueezing of 
synovial joints in the same two cases as discussed in chapter III. 

The effects of surface deformation on the bearing surfaces 
have been extensively studied, Dowson et. al [1959, I960, 19661 , Hoo'ice 
et. al. [1966 ] , Kfffiial[1968] , Christensen [1969] , Herrebrugh [1970] , 
Castelli et. al. [1966] . To see the effects of cartilage elasticity- 
on synovial joints, similar methods can be applied as have been pointed 
out by Ling [1974] , Mow et. al. [1974] , Higginson and E T97^ . 

However, when non-^Tewtonian behaviour of the fluid is taken into account, 
solution of siuilar problems are not ayailable. 

La view of this, here, we apply the same procedure as suggested 
by Fein Cl967l in the study of squeeze films in synovial joikts. 
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In the case of contact between two elastic cylinders (knee joint), 
the elastic effects can be taken into account by assuming that the 
length of the def armed contact zone unif^r applied load W, is the. 


same as in the case of dry contact, Barwell [1956 ] i.e. 

] 


= 2f- 

d ’■ r 


W R , 1/2 


( 4 . 1 ) 


In equation (4.1 ), 


Rl 


® and S are the radii of the two cylindrical 

Rl+R^ 1 2 


surfaces and 


1 

E 




( 4 . 2 ) 


where E^, Eg are the Young's moduli of the two surfaces, and , cr^ 
are their respective poissons ratios. Here, it may be noted that 
increases as E decreases i*e. as the surfaces become more elastic. 


Similarly, in the case of elastic contact between two cisxsular 
surfaces, the radius r^ of the deformed zone, under applied load W, 
can be v/ritten as follows, Fein [1967] , 

where R is the equivalent radius and E is the equivalent Young's 
modulus of the spherical surfaces. 
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4.2 E.£CT.ANGQIula PI/iTliS MODBL (ivl'IEE JOEIT) 


Cv .iuidorEi;' t.ie squeezing of the synovial fluid, between two 
elastic rectan.gular plates whose physical configuration is shown in 
f3g. he on.s.ic equation governing the pressure in the synovial 

fluid filn car.! be rewritten p? follows 


dx‘-2+1/n ^ ndx^ ■* 


(4,.4) 


ihe b>.<undaiy conditions in this case would be modified as 


follows, 


0 at X = 0 


p = 0 at X = £, = 


(4.5) 


•111 1/2 

<n- TPJ 


As in chapter III, the expressions for pressure and load capacity 
of the knee 'oiut con be obtained as , 


n+1 _ n-H 

a / 2n+l .11 d ~ ^ 

a+1 ^ n ' , 2n-f1 

h 


5 , 11+2 

w 2bD ■^'P- d 

■' n+2 ^ n' ^ j^2n+1 


(4.6) 


(4.7) 


The tine of squeezing^t or approaching the upper surface from 
the position in to the final position h^ is given by using equations 
(4.1) and (4.?) 


* 2n+1 ^2bEi\1/n ,„l/2 ,'4H\ 2n t 

^ ^ * Ti+v^ 


(4.8) 
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Fig: 4.1 Squeeze: film: mode! : under elastic . deformations , 
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wiiere, 


h. 


^ = 1 - 


(4.9) 


i?roa e.iuatiC'Li (4«8) it is seen that the tine of approach, t , 
increases as S decreases i.e. as the cartilage surface becomes fitore 
elastic. A,^ain, as before, t decreases as n decreases (see fig. 4.2). 


To find the Tarious effects on. the film thickness h-^ We ■write 

h. ^ 


equation (4.8) as follows, for — «1, 


h^ 


n 1 n t 

f2S±l l^n+1 r 1 yi+l (r4TOv2n+2 / 8b m R vn+1 
* ^n+2' ^ ' itE ^ 




It can be noted from aqis^-tion ( 4 .IO) that the film thickness h^., 
at a given time after loading, increases with consistency m,- load W, 
conformity R, and compliance ~ . It is also noted that- whm n 1- 
(n 0 ), the last factor in equation (4.to)' dominates and the- fUm 
thickness h.^ essentially depends upon the consistency, conformi'^ and 
the compliance but not on l.oad, and it may increase as n decreases foy 


8b m E 
ttE 


> t. This implies that higher loads y/ould not change- h;^ tbo 


much due to- pseud oplastie behaviour- of the synovial fluid. The film 
thickness, 2h^, calculated from equation (.4.10 )■ 7;ith the following data 

m =: 4.5 dyne sec /cm ^ n =■ *37',- 


7 2 

W = TO dyne-,. E = 1® dyne/-(iia , 
t 1- sec. jt E = 50 cms-. , b. *= 2 cms. 
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is f!,und ttj b« of txis order 7 10 '' cm. Thus, it nay be eoacluled 

th.'f^t ootr tae cartilage elastidity and pseudoplastic nature of the 
syno-vial fluid help in maintaining th- hy Ir dy-nruiG conditions in the 
j oints. 

4.5 CIECuL^iR i-IATlS MOIffil f F]T-' inTWl) 


Let us consider the squeezing process in a hip joint vitoose 
physical configurotion has been approximated by two circular parallel 
plates as shorn in fig. 4.1-b. Proceeding along the same lines as 
in chapigr III, the eitpreeeions for load capacily aid tiEie of approach 
c£Ui be rewritten as follows J 


W.!La-(%il. vf 


n+3 


n+3 ' 2n 


2n+l 


(4.11) 


* 1 2n+1 / ta J.'jl/n 1+3/n / 1 1 

“ 2 n+1 ^a+3 * ^d ~ v,1+l/a 


) 


(4.12) 


h. 


where r, is given by equation (4.3). 


Substituting the value of r^ in equation (4.12), the final expression 


for the time of squeezing can be written as follows : 

n+3 2. X n+3 

1 / sn 2n+1 /ffm ya „3 oR\3r. 1 T 

f 


( 4 . 13 ) 


where 


i 


(4.14) 
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It may be noted here again, as before, that the time of squeezing 

increases as n deci'eases and t increases as n decreases for fixed (— ^). 

h. 


•To see the various effects on the film thickness 2h we can 

h ^ 

write equation (4.13) as follows (r— «i) ; 

“i 


h. 


n+3 


n 

r 2n+1 ..n+l 

^ iTn+lJt^ 


_L. 1 

^ 1 ^0+1 ^J!£j3n+3 ^ TrmR ^n+l 


(4-15) 


Hsre, again it can be noted that the film— thickness h^ increases with 

consistency load Wy conformity R and compliance • iUrther when 

^ 1 

n < < 1 (n O), h essentially depends upon the factor 0~) and 

increases as n decreases for (■^^) > 1* Since in the case (n -»■ o) the 
filo-thxckness h^ is nearly independent of W it in^jlies that even 
under jumping condition when the loads are high , the film-thickness 
h^ ’would nearly remain the same due to pseudoplastic behaviour of the 
synovial fluid. 


Taking the following "typical values of various parameters in 
the case of a hip joint, 

n 2 8 7 2 

m = 4.5 dyne sec /cm W = 10 dyne E = 10 dyne/cm 

n = ,37 R = 50 cm r^^ = 1 cm 

t = 1 sec. 

-3 

the value of 2h^ is of the order 1.2 x 10 cm. which shows a hydro- 
dynamic condition in the hip joint. 



71 


*Vhen tt = 1, we get all the results as discussed by lein [19673 . 


4.4 CCNCIUSIOSS 

In this chapter, we have studied the effects of cartilage 
elasticity and pseudoplastic behaviour of the synovial fluid on the 
time of squeezing in the cases of knee and hip joints. The following 
conclusions may be drawn ; 

(1) In both the cases the time of squeezing increases as the 
cartilage surface becomes elastic. 

(2) In both the cases t increases as the pseudoplastic behaviour 

of the synovial fluid increases (h < 1 )* 

(3 ) The film-thickness increases with consistency m, locd W, 

conformity H and compliance in both the cases. 

(4 ) For small values of flow behaviour index n « 1 , the film- 
thickness 2h^, essentially depends upon the consistency m, confoimily 
R and compliance ^ . Further, it increases as n decreases for 

-B > 1 in the case of knee joint and > 1 in th« case of hip 

ttE 

j oint . 

Thus, it may be pointed out here that the elastic behaviour 
of the cartilage and pseudoplastic behaviour of the ^novial fluid are 
helpful in creating conditions of hydrodynamic lubrication in the 
joint and these joints function as elastolydrodynamic non-Newtoniah 
squeeze films in standing or jumping position. 



Ga'JETiSR - Y 


EFFECTS OF C/iETIIAGE FOROSIHY iilD iSSCDOPLilSTlC BEHAVIOUR OF 

snrovi;iL fiuii) 

5.1 EriRODUCTIC: 

In previous chapters, we have studied the effects of cartilage 
surface rii-u^^iness and cartilage elasticity on the tine of squeezing 
in cases ^f knee and hip joints. 3h this chapter, we study the 
effects of cartilage porosity on the behaviour of these joints by 
considering the sane physical situations as before. The main aim 
is to Investigate the pseudoplastic behaviour of the synovial fluid 
on weeping lubrication in cases of knee and hip joints by approxi- 
mating then as rectangular and circular parallel plates respectively. 

5.2 RECTAN (SOLAR i'LATES MODEL (KIEE JOHFT) 

Let us consider the squeezing flov/ of synovial fluid throu^ 
a knee joint as shown in fig. 5.1. Under loading, the thickness of 
the cartilage v/ould decrease due to its poro-elastiQity and the 
liquid present in the porous matrix would be expelled in accordance 
with Darcy’s law. The basic equation governing the flow of the 
fluid (which is Fewtonian in character) with viscosity is given 
by { see chapter II, equation (2. 40)] 

dx ^ dx^ 


(5.1) 
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where P(x) is averatje pressure with respect to the film-thickness H 
of tho cartila(^e. Other symbols are as explained in chapter !!• 


'Hie equation governing the pressure in the synovial fluid 
with constant consistency h is obtained by combining the equations 
( 2 . 36 ) and ( 2 . 37)5 as follows : 


2 + 1 /n 




(5.2) 


Equations (5.1 ) and (5.2) should be solved simultaneously to get the 
pressure in the cartilage matrix and in the synovial fluid film. 


Ihe boundary conditions for the system are takaa as follows : 


^ _ iii - 0 

dx " dx ” 

X = 0 


p = 0 

X = 

( 5 . 3 ) 

P = I- 

0 

X = £ 



The last condition implies that at x = 

the pressure is non zero, long [1974] . 

Mding equations(5 .1 ) and ( 5 . 2 ) 5 we have 
1 

2 + — 1 

u r h / 1 dn nh I dP 1 _ „ 

2 + I dx^ 


n 


in the cartilage matrix. 


+ ?’ 


(5.4) 


Integrating equation (5.4) and using the first of the bouniary 
conditions (5.3 )» we get 
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2 + 
h 


J. 

n 


2 + 


1 


1 


(_ l^f 


H k 

(V + V') X + ^ 


dx 


(5.5) 


This equation is non-linear in general when n 1 and its solution 
can not be found exactly. However, v;he.. n = 1, the equation (5.5) 
con be solved easily and this case would be dealt with in chapter VII 
wi’.ere synovial fluid has been considered as a Uewtonian fluid whose 
viscosity varies with the concentration of the hyaluronic acid 
molecules. 


As a step towards understanding the present physical situation 

of the knee joint and for solving equation (5.5), we assume that the 
permeability in the x-direction is small in comparison to the 

permeability k in the y-direction. This implies that flow in the 
along is much smaller than the flow from cartilage 

matrix to the synovial fluid film* 


With this assumption j Squat ion (5*l) can be approximated as 
follows : 


t ^ JLllE 




(5.6) 


u H 
^0 s 


where V* = ^ f assumed constant with respect x* This is again 
3 1 

an assumption for the cartilage film— thickness which may as well 
vary with x. 

Similarly equation (5.5) can also be approximated as follows 
by assuming that the second term on the right is smaller than the 
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firs’i bcc:’.use .'f k , 

X 


n sr. 


2n+1 


‘2n+r 


li] 

m 




? + V’ 


\n 


3^' 


( 5 . 7 ) 


Solviii.-::, this cild using ths sscond boundarj^ couditiou (5*3 )> W6 
the pressuivi distriuution in the film : 




11-/1 


ai-fi 

n 


(v + 


,n+1 


- X 


n+1 


2n+1 


(5.8) 


On using equations (5.6) and (5.8), the pressure in the cartilage 
matrix ccn be written as, 


^0^ . V' + -^ (V + Y^)}^ 

^ k n+1 n ' ^2n+1 

y h 


(5.9) 


Combining the last boundary condition of (5.3) with equation 
( 5 . 9 ), it uiiy be seen that 


V H 

I* ^ ~ — §■ V' 
k 

y 


(5,10) 


Ihis equation gives the relation between 1 and 


As before the load capacity bf the joint can be -fTritten as 


follows : 


W 


-V 

'^n+2^ 


2n+1 

n 


(V + T')f . 


. 2n+1 
h 


( 5 . 11 ) 
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Thic shr-.vs th:.t the load capacity increases as 7', the velocity of 
cciapresaicu c-f the cartilage increases. 


Attain iii this casey the tiiae of squeezsing is given by the 
following expression : 

2 

^ (5.12) 


1 


1 + 

t = 2n+1 / 2bia ^_^p. ^ “ 

n+1 ^n+2 * * 


h 


1 ■+- 

n 


where 


t = 


h. 

n+1 f 1 

“ i 


2 + — 
h ^ 


dh 


2n+1 

n 


. V' 


>6 n 


2+ 


n 


(5.13) 


/' 2bm 

1 ' '■n+2 * 


1 

1^n 


and h = ^ 
h^ 


, \ 


h^ 


It is seen from equation (5.13) that t or t increases as V’, the 

velocitjf of compression of the cartilage increases. Since, 
k P 

yt ^ _2 — 2. ^ ujay also be pointed out here that the time of squeezing 
^c?s 

increases as the permeability coefficient k increases or H , the 
tbiotoaess of the supexficial tangential zone of the cartilage decreases* 
Further, the effects of pseudoplastic behayiour of the synovial fluid 
is to increase the time of squeezing* 

fo see the effects of k approxnnately , let us write equation 


(5«5) as follows by using equation {5^S) for P as its value 
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correspondiiie; to the first iteration 
1 

2 + - 1 

1 ^ 1 -ir, TT la H k 

- (T +V')x- 


2 + 


li„ 


{ 2n-f1 
n 


(v + 


n 

z 


2 n+1 


(5.14) 


This equation ieternines the improved pressure distribution in the 

film :xo compared to equation (5.8) in terms of k . 

z 


iVe know from physical considerations that p is a continuously 
decreasing* function of x in the region 0 ^x ^ 2, with maximum at 
X = 0 and -|^<_OinO<x<£. It may then be seen from equation 

( 5 . 14 ) that (- — ■^) decreases as k increases for all x in the 

HI dZ z 

region 0 2.. This implies that both pressure and load would 

decrouae as k increases, and so this situation is unfavourable for 
z 

joint chariictoristics. 


Thus, it may be concluded from the above mathematical analysis 
for favourable effects on characteristics of knee joint, the permea- 
bility in the noimal direction of the suriace of the cartilage should 
be greater than the peimeabilily in the tangential direction. In fact, 
this situation really does exist in synovial joint as reported by 
McGutchen [ 1962 J . 

For n = 1, i.e. when the synovial fluid behaves as a Hewtonian 
fluid at hi^ shear rate, the above described results are also true. 
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5*3 CIP.aiLAR rHATES hlODEL (hIP JOBIT ) 

li'i th?s c;ise, thii load bearing region is approximated by 
two circular plares whose physical coafiguraisicn is shovsn in fig. 5*2* 
The basic equation 50 vemii.'.g the pressu-^- in the cartilage and 
synovial fluid fil^. can. ue written as follows [see equations(5. 1 ) and 
(5.2)3 t 


.1 ^ -D- 

iil_( E r JE)+-iIzE-v» 

r dr ^ dr^ u H " 

'0 ^0 a 


I 


2^1 

n 


k 


r ar j + 1 ' 

0 




y H 
^0 s 


(5.15) 


(5.16) 


where k , k 

^ tf 

directions. 


ere the permeabilities in the radial axid normal 


Adding equations (5. 15) -and (5.16) and integrating with 
rospoct tO' r with the conditions *= “ !*: 0 at r = 0, we get 


2 + 


h 


n 


2 +- 
n 



E k 


r 



dr 


= (? + V')f 


^5.17) 


The boundary conditions in this case also can be wrijU^-eja 
follows : 


p = 0 , r = r 


P = P,. 


r = r 


(5.18) 


j 
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As in previii.s section, after assuning k « k ,and V', a 

r y ' 

we can write the I'ellovvir'.g expressions from equations (5. 
■in.l (5»18) ns fcllov/s, for the first approximation, 


1 


X 


n+1 


2n. 


11 ]i V ' 

-r, S 

p % r + p 




u K V' 
w s 


o k 


The load capacity in this case can be obtained as follows 


n+3 


W 


liL .t 2£±1 .(T+ V'))“. 


n+3 2n 


h' 


2n+1 


Here, also, the load capacity increases as V’ increases. 
The time of squeezing in this case can be written as 


I r" 

j. 2n+1 . inn ..n o 7 

“ 2n+2 * ^ (n+5 )w^ * . . 1 


1 + 


n 


where 


. S. 

a+1 f 1 

^ 1 


dh 


1 + 


2 + 


n 


h 


n 2n+1 
2n 


. V:' . 


2 + 


_ j- Trm - .n 
1 * ^ (n+3 )w 


n 


All the result described in the preyious case of £ 


constant , 
6), (5.17) 

(5.19) 

(5.20) 

( 5 . 21 ) 

* 

(5.22) 

(5.23) 

- (5.24) 

L knee joint 
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5.4 cfficL‘;:io::s 

In "this chaplivJrj wi hwe studied the effects of cartilage 
por-’Sii?/ and the pseud c.plustic behaviour of the synovial fluid in cases 
.;f laiee ml hip joints. It is seen here that the load capacity and 
tine f.f squecninp increase .■.i" the pemeability, normal to the cartilage 
surface, increases but the pemeability parallel to the cartilage 
surface has unfavourable effect on pressure developed in the 
synovial fluid film. 


Thus it nay be renaiked that pemeabilily in the nomal 
direction to the cartilage surface should be greater than the permea- 
bility in the tangential direction for better performance of the joints. 
This, in fact, is the case in synovial joints as pointed by McCutchen 
(19G23. 



CH.\IT3R -?I 


sPFsaTS 0? slide:.; .did isajDOPLiSTic BEmYioui op syiovial pujid 

6.1 iiJTF.c,rt]0'iia: 

:in prt'vioijr chaptt;rs, v/e have considered the nechanisia of 
^oint, :.nly under the condition of squeeze film which is applicable 
in the case of stiinding or jumping position. However, during waiting 
cycle, the curvature of the joint siarfaces does play an important role 
in producing the wedge film action similar to hydroiiynamic lubrication 
theoiy, McConaill {19673 • This hydrodynamic action may be further 
cnh.ancod by the poroelastic behaviour of the cartilage and the pseudo- 
plastic riuture of the synovial fluid. In this chapter, we consider 
the offecto of sliding and the pseudoplastic behaviour of synovial 
fluid lUider waltiiig condition. Since the time taken by a complete 
v/alkiiig cycle is of the order of only one second. Mow et. al. [19'74], 
the effects of the porosity of the cartilage on the flow may not be 
too significant t. be considered in this case. Bxrther due to th^ 
elast icily ^f the cartilage the loaded region of the joint is assumed 
to be of the foro, of convergent linear wedge in the direction of motion^ 
though it nmy be little circular in reality (fig. 6.1 ). The film 
thickness function h in this case may be written as 

h « + ax 

= h^ + a(x - x^) 


( 6 . 1 ) 



04 


^ I 

I :0l^l/R 



Fig. 6.1. Effects Of Sliding in the synovial joint. 
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where a is the averuje incliaatioa vjf'the curved surface and is 
assur-ed te bo vei^' 

As si;em in fig. 6.1, the constant a has the following approxi- 
r.ate relation with the confuinity R of the joint and it decreases 
aS R iliCl’i.'asoo. 

"tirther, to observe the effects of cartilage elasticity on 
the juirit iMohonlsUfixi this case, it may be assumed that the miaimun 
film thickness function h^ can be given by similar expression as 
obtained by Archard and Kiik [1963] ia *th.e case of a point contact, 

h,. === C , /rU/E (^*5) 

where C io a coxiStant and depends upon the consistency of the synovial 
lu 

fluid. 

In the following we study the load capacity sJih the friction 
coefficient of the synovial joint under walking condition . 

6.2 LO/iD CAEACIW idJI) RRICTOT GOEFPICIMf OP THE JOHT 

Noting that the naxinum pressure lies at x = x^ , a? explained xn 
oh.npter II, the basic equation governing the pressure are [see equations 

( 2 . 34 ) and ( 2 . 35 ) 1 

^ _TT^ (6.4) 

dx *• 2+l7n ^ m dx 
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in the region I, ^x ^ £, and 


(1 ^ ~ 

dx '■2+1/n dx ^ ^ dx 


(6.5) 


in the region II, 0 where pressure in the region •£ <_x ^0 

is neglected because of the divergent filn in that region* 

The boundary conditions for p are 


^^2 _ 

“ dx “ 

at 

X = x^ 


= 0 

at 

ii 

(6.6) 

= 0 

at 

X = 0 



Solving equations (6 .4 ) and (6.5) with the boundary conditions 
(6.6), v/e get the pressure distribution in the two regions as follows 


^2n+l f 

=°(— / 


(^- f 

X h^ 


2n+1 


dx 


(6.7) 


for S ^ rogion 0 <^x x^ , 

X (h, - h)^ 

LLur 

n 


^2 ^ n ' ^ , 2a+1 


dx 


( 6 . 8 ) 


0 h 


where h is given by equation (6.1 ), h^ = h(x^ ) and x^ is found by 
using the imtching condition- 


Pi =P 2 ^'fcx = ^ir 


from the following equation 
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,n 


2a+1 


dx = / 


£ (h - ) 


,n 


x^ h 


2n+1 


dx 


(6.9) 


W 


The load capaciiy W is defined as 

x^ £ 

Pj, dx + 


X X, 

= 6 £/ ‘ Pg dx + / dx ] 


‘1 


or 


X dp £ dp 

W » -b[ / ^ X — dx + / X — dx ] 


( 6 . 10 ) 


(6.10-a) 


which on using equations (6.7) and (6,8) gives, 


,2n+l„,n,/ 


w » b m (^^ u)'^ C / 


n 


x^ h 


2n+1 


dx 


X x(h - h)^ 

-/ i 

0 h 


( 6 . 11 ) 


G]be force of friction F, on the surfee y = h is defined a&| 


■F = b / ( T I ) dx 

0 ^ y=4i 


= n(- n .. 1 


3u\n 


( 6 . 12 ) 


which cn using equations (2.14) and (2.1S) gives 

X dp £ dp 

-F = b[ / '■ h ^ dx + / h— dx] (6.13) 

Integrating equation (6.13) by parts and using equations (6.1 ), (6*6) 
and (6.1,0) we get 
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P = a W 


(6.14) 


!Ehe coefficient of friction in the joint can then be 
written as 


c 


f 



(6.15) 


It can be seen from equation (6.15) that the coefficient of 
friction decreases as the conformity (e) of the joint increases but 
it does not depend upon the nature of the fluid under the situation 
considered _here. 


lo see approximately the various effects on other joint 


(Xfi 

characteristics, we assume that ~ "I* Under this assumption, 

m 


_ n b 2n+1 o , 6“'** + 

® ( — ““J I ^ 


h' 


1 




(6,16) 


v;here 




h, =fc^[ 1 


III 


(6.17) 


and S is given by the following expression 


/ ® ^b+1 , (n+l)(2n+l) /aJ^^ 

“ ' ■ (a-ii) 

- m 


or 


B 



/Oiit \!| 
m 


(6.18) 


(6.19) 
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Substituting this value of 3 in equation (6,16), the final expression 


for can be appr-xinatel as, 


W fe 


ba r 

2(n+2) ^ 


2n+1 

2n 


n 

aU j 


2n+1 


( 6 . 20 ) 


It C4an be noted froa equation (6 .20) that the load capacity 
increases as all increases, but this increase in W is greater in the 
case of pseudoplastic behaviour (n « 1 ) of the synovial fluid for 
small values of aU < 1 . 


Prom equation (6.20), the expression for minimum film thickness 


can be written as follows 
1 


m 


{ 


bm 

2(n+2) 


2n+1 


} 


/ 2n+1 x2n+1 
2n ' 


a42 

.2n+1 


(aU) 


2n+1 




Taking particular values of the various parameters as below, 

XI , 2 8 

m = 4.5 dyne sec /cm , n = .57, 7/ = 10 dyne, b = 2 cm. , jj, = 1 cm., 

z 

a = ~ = .01, U = ,1 cm/sec. the value of the minimum film thickness, 

-5 

is found to be of the order 2 x 10 cm. Thus, it is noted that even 
when the pseudoplastic behaviour of the synovial fluid is considered, 
the hydro-dynamic condition does prevail in the joint. 

6,3 EPIECTS OP OimTJlAGE EIASTICITS 

To see the effects of elasticity approximately, let us write 
equation (6.20) with the help of equations (6.2) and (6.3) as follows 
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^ bn ( 2x1+1 sn 

2(n+2) '' 2n ^ _2n+1 ..1/2 2n+lX2 

u U ii 

m 


( 6 . 22 ) 


Here it is seen that the load capacity W decreases as B 
decreases. Since H >> t» it can also be observed that W decreases as 
E increases but the decrease is less in the case of n « 1. BUrther, 
when n C, the load capacity laainly . depends upon the factor 


m E 


, 1/2 


m 


indicating strong dependence of W on E, E, U and — due to increased 

m 

pseudoplastic behaviour of the synovial fluid. 


6.4 CCXiCnJSIONS 

In this chapteri we have studied the nechanism of synovial 
j oint imder walking conditions. It is seen that the load capacity 
increases as the sliding speed increases and this increase is enhanced 
by the pseudoplastic behaviour of the synovial fluid when considered 
with respect to aU « 1. 


Eie coefficient of friction depends only on the ccnfoiraily 

ratio ■— and it decreases as the conformity E increases. Jhis suggests 

K 

that the novelty of having good conformity in eynovial Joints is 
helpful in keeping the coefficient of friction fairly low. 
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It is also pointed out here that the load capacity decreases 
as the cartilage surface becomes more elastic. Further, the load 
capacily decreases as conformity increases but this decrease is less 
due to pseudoplastic behaviour of the fluid v/hen seen with respect 
to R > 1. 



CEAjFTSR -711 


EFFECTS OF CARTILAGE POROSITY ML VISCOSITY V^IRIATION OF SYNOVIAL 

FUJID 


7.1 introluction 

La chapter V, we have studied the effects of cartilage porosity 
and pseudoplastic behaviour of the synovial fluid On the mechanism 
of joiiatsv La this chapter, we study the characteristics of synovial 
joints by considering the synovial fluid as a Newtonian fluid whose 
viscosity varies with the concentration of hyaluronic acid molecules. 
Here, again, we take the pofosity of the cartilage matrix into account 
v/hose permeabilities are different along and across the cartilage 
surface. Under loading the cartilage thickness is con^iressed and the 
liquid, filling the cartilage matrix, is squeezed out into the synovial 
fluid film. Further, under standing position, which we consider here, 
the Squeezing of synovial fluid film also takes place. Luring this 
process, the consolidation and trapping of iyaluronic acid molecules 
occur in the fluid film, thus causing an increase in hyalurbnate 
concentration in the synovial fluid film, Lowson et. al, 1 1970 ] . This 
in turn increase the effective yiecosity of the synovial fluid, which 
can be written as follows [see chapterll, equation (2,49 )] , 
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As in chapter V, here also, we study the following two cases ; 

1. Rectangular parallel plates model. 

2. Circular parallel plates model. 

7.2 RSCTMGUIAR PLATilS MODEL (KNEE JOINf) 


AS pointed out earlier, the load bearing region of the knee 
joint may be approximated by two porous rectangular parallel plates 
with the fluid film in between them, as shown in fig. 5.1* Hie equations 
governing the pressure in the porous matrix and in the fluid film 
region can be rewritten as follows [see chapter II, equations (2.40) 
and ( 2 . 43 .)]. 



^0 


i- {-F 

dx dx 


dx 


•} = V* 


VoHs 


= V + 


V 




(P-p) 


where , 


h 2 

p = / ^ dy 

0 W 

and \x is given by equation (7.1 ). 


(7.2) 

(7.3) 


( 7 . 4 ) 


The boundary conditions for I and p are taken as follows 


dx 


= 0 


at X = 0 


1 = 1 at X = 2. 
o 


(7.5) 
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= 0 

at X = 0 

dx 


0 

11 

at X = ^ 


(7.6) 


Adding equations (7.2) and (7-5 )? we get 

T-t ~ = - (V + T') (7.7) 

dx V dx dx \ / 

0 

which on integration and using the boundaiy conditions (7.5) and 
(7.6), gives 


E 



( ) - EP ] 


(7.8) 


X 

Substituting the expression of I in equation (7»2)» the 
equation goveming the pressure in the fluid film region is obtained 


as 


H- 


dx 


^ I (y + 


8 


^ 2H k 


(y + Y')(il - x^)}| (7.9) 


where , 


6 


2 (. 


J 

H3 'H . k^ 


( 7 . 10 ) 


Solving equation (7.9) with the bounda^r conditions (|.6) 
for p, the pressure in the fluid film region is determined ys foJLlpws ; 
P 


P ^ y P + H k 

0 X 


[ IfLl (£2 2) (1 , 

{—5 («f S E ) - V’}] 

Vq f 


O 


(7.11) 
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The pressure 
equations (7.8) and 


in the porous region can now be obtained from 
( 7 . 11 ), as follows 


P = p 4 . 

o V, S' + H fc 2 


[lii: . 2 . jL. . 

^ 2 ^ cosh BZ 


iV + F I - 


y P 


o H k 


7' >3 


( 7 . 12 ) 


X 


Using equation (7.1 1 ) the load bearing capacily of the knee 
joint can be written as, 

211 bl? Hk Hk„ 

» = sTiT-FTTFl t ^ {-J^ V + 6 (7.13) 


or, 


where , 


P Z 


W = 2 b £ (f^ Y + fg V’ + f^ ~ 


tanh BZ 


f = — - — (1 - 

6 Bil 


) 


V P + 3H k f 
o X 

1 " 3 P(u^ E- + H k^) 


f. = 


(7.14) 


(7.15) 


f ._Lfi.ll , 

2 3 ( V P + H k ) 


o 

k 


f a. 

3 y P H 2 , 
0 s 


X' 


f . 


(7.16) 


In the non-dimensional form, W can be writtai in the following 


form, 
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2 Vq b y 

5 + 3f k f k 

? ^ - 1^3^ r ^ g 

3l'(iHk ) 3(i + k ) 5 ^ 


(7.17) 


where, 


^ V P H k k A 

p = -2-,E J = 

^ t? y s tP 

s 

- y> - ^ 

y> a — , p = 

V ’ ° 7V 


(7.18) 


and 6^ A^ = k (- + — ) 

y P k 


Pron equation (7.14), the time of squeezing can be obtained as 
follo?7S : 


2v bii^ / ' Fir 

hf w-au/cfjV H- fj _) 


(7.19) 


F + 3k^f 

“t J ^ ■ '' I ' 

1 3F(F + k^) - FCl-3f)V'-^yCF + k^)P^ 


where 


* 2b u A- 

I 2_ 

2 

W h^ 

2b AP 

f ° 

0 W 


■f, V' = 


2 y b A'^ V 

O 


, h * h/h^t h^ = bjAf. 


(7.20) 



97 


and other dimensionless parameters are same as in equation (7.18) 
where h is replaced by h^. 


To see the effects of different parameters, the expression 

given by equations (7.15) and (7.19) can be approximated as follows 

^x ^x - 

for large such that tanh g£ 1 and — - « 1 , — . P 0. 

'^3 3 


w. 


'V/ 


V 


2bv^Z^ ^ ^ WqF + Hk^ 


1 

+ — 
3 


y^F+Hk, 


kyil2 


(7.21) 


/ 


dh 


■3^ 


2by^ ^ 3W(y^F+Hkj^)- 2bv Jl\(l ^ ) 

k„il^ 


(7.22) 


In the above equations F is a function of h, XC^, M and can be written 
as follows by using equations (7*1 ) and (7.2) 


F = — [ — In 

VoM 2M^ 


1 + M 


1 - M 


13 


(7.23) 


Xh^.l 

where M = — ^ — , M_ = 
2D ^ 


M 


Si + 1 + xc. 


This expression for F can be approximated for XC^ « 1 as follows : 


3u. 


f;^; ti - xo^ ] 


Here it nay be noted that F decreases as M or XG^ increases. 
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Keeping this behaviour of S’ ia view, it can be noted froa 

equations (7.21 ) and (7*22) that W and t increase as XO^ and M 

increase. SUrther W and t also iiicrc^.se .vn ky increases but they 

decrease with the increase in b: . !Ehese behaviours can also be 

X 

noted fron the graphical representations of equations (7*17) ^d 
( 7 *20) as shown in figures 7.1 to 7.4, for differoat values of the 
parameters. 

7.3 CIECaLAR BLADES MOEED (Sll J 0 IN!C) 


As mentioned earlier, the hip ^olnt geometry has been approxi- 
mated by two circular parallel discs (see fig. 5.2). The discs are 
porcms and permeable in both r- and y-directions. In this case, the 
equations, corresponding to the equations (7.2) and (7.3)» governing 
the pressure in porous and fluid film regions, can be written as 
f olloviTS : ■ ■■ . 


1 

r 


1 _ 

dr 



(rg.)} . -{V 


-) (P-p)} 




dr 




{V + 


S' O 


CP-r)} 


(7.24) 

( 7 ^ 25 ) 


when v^s a constant, equations (7.24) and (7.25) are same as used 
by ling 11974] . 


She boundary conditions for 1 and p are taken as follow® i 
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0 at r = 0 


P = r at r = r 

0 c 


0 at r = 0 


p = 0 at r = r 


(7*26) 


(7.27) 


Adding the equations (7.24) and (7.25 )» and integrating the 
resultant equation with the boundary conditions for T and p, we get, 


V (7+V')(r^-r^) 

B = P + — ^ [ : ^ “ S' P ] 

r 


(7,28) 


!Ehe equations (7.25) and (7.28), on simplification give the 
following equation to determine the pressure p in the fluid film, 


r dr dr 


1 ky UoCVH-VJCr^-rb 

_ L {v+ {P + ' — - ■ ] (7.29) 


where, in this case, 


6 ^ ^ -X r -J_ + _L_ •} 

H *• H k y P ■» 
s r o 


(7.30) 


Ihe equation (7-29) is modified Bessel's equation and its 
solution with the boundary conditions (7*27) is given as follows : 


**0 r V+W 2 2x1 


^ 7 ^ 


n xL ^ 

< (| + e *„) - V’}] 


(7.31) 
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Hie pressure in the porous aatrix then can be written as [ by 
using equation (7.28) J 

r, P ^ rIfLl f 2 2 v X. /1 ^0^^^ 1 

^ ” ^0 p P + H k ^4 ^ ^ " ,2 “ I Cer 

0 T {} 0 0 


(V*PS 


(T.32) 


Hie load capability, W, of the joint, in this case is given by 


4 

Try r 

0 0 

8(U^ P + H k ) 
0 r 


£v+v'+8g{— £ le) - ?♦>] ; (7.53) 


P V 

W * rj 7 + gg V' + 3 


(7.34) 


where , 

y P + 8 g H k 
_ o ° r 

^1 “ 8 'y Piy EM-H k ) 

0^0 r 


(7.55) 


=2 8(U P + H k 

0 r 


(7.56) 




Hae non-dinensional fora, of W can be written as, 




( 7 . 37 ) 
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where 


W = 


P+8g k 




11 K 


8 P(P + k ) 8(F-4k ) 

r ^ r 

_ 

i = , k = ^ , k = -^ 

,5 ’ y , 3 ^ ’ r , 3 

h h H h 

s 

P h^ 

V ' - o 

V' =T ’ =-5 . 


P 


(7.38) 


r U V 

0 0 


The tine of squeeziag can thtaa be obtained as follows : 


t =Try^rJ / 


or 


dh 


P X 

W-TTy^rQ(g2V‘ + -p- ) 


(7.39) 


-t-I 


h 


CF f 81c^g) dh 


1 8FCF+kJ- F(l-8g)V' -gg k CF kj P 


r' o 


t W h^ ^ ^^0^0 Y' 

where t r ’ “ „ ,.3 


4 

0 0 


w h 


■f 


(7.40) 


2 ^ 
trr P 

r„ = , Sf - Vb^. 


and the other denonsiohless quantities are sane as before when h is 
replaced by h^. 

k k __ 

As before, for large Cr and ~ « 1, ~ F 0, the expression 

P P 

for W and t, given by equations (7.33) aJid (7.38), can be approximated 
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as follows : 




TTU r. 

O O 


K 


TJ P 




3k H H 
r s 

y o 


V' } 


(7.41) 


4 'v J 


dh 


8W( V P+Hk )-iTv /v»(l 

O X* 0 o 


8HH k 

s r 

k 

y 0 


) 


(7.42) 


Again, it can be noted from equations (7.38) and (7.40) that W and 
t increase as ^GqJ l!y increase but they decrease as k^ 

increases, The expressions (7.41 ) and (7.42) are plotted in 
figures 7.5 to 7.8 respectively for various values of k^ and 

k^. Pron these figures, the above described results are obvious. 


7.4 COTcnJSIOlTS 

In this chapter, we have studied the behaviour of knee and 
hip joints by taking into account the porosity Qf the cartilage and 
the viscosity variation of the synovial fluid due to change in the 
concentration of hyaluronic acid molecules. It is shorn that the 
load capacity and time of approach increases as the concentraticn 
of the hyaluronic acid molecules increases due to consolidaliion and 
trapping. lUrther, these parameters also increase as the pemaability 
of the cartilage matrix in the normal direction increases but they 
decrease with the increase in the permeability of the cartilage in 
the parallel direction. As pointed out in chapter V, this situation 
does exist in the case of the cartilage of synovial joints. 
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CHmER -VIII 


MAISSIS OP DISEASED JOINTS 


8.1 miRODUCTION 

In previous chapters we have studied the characteristics 
of noxtial joints. In this chapter, we investigate the behaviour of 
the diseased joint i.e. the joint whose components such as synovial 
fluid and articular cartilage are diseased. As pointed out by Burch 
et. . al. [ 1960] , the synovial fluid for diseased joint of rheumatoid 
arthritic patient looses its non-Newtonian character and the cartilage 
becomes cracked, frayed and less resilient. The pores of the carti- 
lage matrix may become larger allowing a mass transfer of hyaluronate 
molecules at the cartilage surface and thus decreasing the hyaluronate 
concentration in the synovial fluid-film. lUrther, the disease causing 
bacteria , present in the diseased joint, may react biochemiqally with 
the hyaluronate molecules and destroy their concentration, stfucture 
etc. in the synovial fluid. These changes in hyaluronate may Ite 
responsible for the Newtonian character of the synovial fluid ahd 
for the decrease of its viscosity in the case of diseased joint# 

In the analysis that follows it is assmed that the effective 
viscosily of the synovial fluid varies linearly with thf concoatration 
of hyaluronic acid molecules, Eutgere [1962] , as folloiYS ; 
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Vi=1l^[l+XC] (8»l) 

where is the vis cosily of the fluid without hyaluronate molecules, 

X is a constant and 0 is the concentration of the hj’-alurcnic acid 
molecules which depends upon the process such as diffusion, biochemical 
reaction etc. (see chapter II). Further to present the results an a 
simple form, the effects of cartilage elasticity and porosity have 
not been considered. 


Here the behaviour of the diseased joint in the standing position ' 
(squeeze film) has been studied by assuming the loaded region of the 
joint in following forms. 

(i) rectangular parallel plates model. 

(ii) circular parallel plates model. 

(iii) cylindrical surface model. 

8.2 RECT^GQMR PARALLEL PLATES MODEL 

The joint geometiy, when approximated to two parallel rectangu- 
lar plates, is shown in figure 8.1a . The basic equation governing 
the pressure in the film can be written as follows [see chapter II, 
equations (2.43), (2.44) and (2.49~a) 3 . 


dx 


[fS1 = 


V 


P 



0 


2 

2 _ 


V 


dy 


( 8 . 2 ) 


(8.3) 




! V 




yA 


(o,o) 


■>x 


- -21 - 

(a) Rectangular plates model 

. ' " ' ' ■ ■ ' V ’ 




~~T" 

h ^ '-2ro- 

(b) Circular plates model 




(c) Curved surfaces model 

:■ Fi^ Squeeze f.ilm geometries. 
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cosh yy 

11 = Pq (1 + ACjJ ) (8.4) 

cosh yh 

2 ot 

where y = — , a is the rate of decrease of hyaluronate concentratioa 
due to biochenical reactions etc., D is the diffusion coefficient 
and is the concentration of iiyaluronate at the surface y - h 
of the diseased joint. 


P) 


Integiating equation (8.2) with the following conditions for 


p =0 at X = 

^ = 0 at X = 0 
dx 


(8.5) 


the pressure distribution is obtained as, 


V ^ 



( 8 . 6 ) 


which gives the expression for the load capacity of the joint as^ 



2b Y 
3F 


(8.7) 


Ihe tine of squeezing t for the upper surface to approach the 

(ih 

position h^ from h^ is obtained, by putting T = - In equation (8.7) 
and integrating, as follows ; 

i 

F 


2b %■ 
5W 


/ 

h 


( 8 . 8 ) 
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To see the rarious effects approxfaately , the function F can 


be approximated as follows ; ( l) 

3XC, „ 

F = _£i„ {(1 + tanh (Yh)- i- } J (8-9) 

In such a case, the above expressions for ^ and t can be approxima- 
ted as follows ; 


2y _ 

W = W 

h3 

t = t 

Whl 

£ 


v^here 


( 8 . 10 ) 


(8.1l) 


W = 1 + 


3XCj 


Yh 


{(1 + -«1_) tanh(Yh)- ~ } 


h. - 

t = 2 / ^ dh 


1 


h' 


h. 


1 




( 8 . 12 ) 


(8.13) 


The expressions for W and t have been plotted in figs. 8.2 and 8.3 
respectively for various values of Xc^ and Yh. Prom fig. 8,2, it 
can be noted that W(or w) decreases as Xo^ decreases or asYh increases. 
Considering that the case yh = 0 , corresponds to a normal joint for a 
given Xc^, it oaabe seen that the load of the normal joint (yh = O) 
decreases about 14-5^ corresponding to the case of diseased joint (yh = 10) 
for ^0^ = 0,2. 
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Farther froni fig. 8.3 it is seen that t (or t) also decreases 

as ^0^ decreases or yh increases. It has also been found that the 

d 

tine of squeezing to reduce the film-thickness by 9 ><10 om for the 
noros,! joint (yh^ = o) is reduced by 17^ in comparison to the diseased 
joint (Yh^ = 10 ) foryO^ = .2 . 

8.5 CIRCULAR PilRiiiLBI PMTES MODBI 

In this case, the joint geometiy has been approximated by two 
circular parallel plates, as shown in fig. 8. 1— b» Ihe basic equation 
governing the pressure in the film is given by 



Ihe conditions on p are, 
p = 0 at f = r^ 

= 0 at r = 0 


(8.13) 


(8. 14) 


Integrating equation (8.13) end using the conditions (8.14), 
the expressions for pressure and load capacity can bgf obtained as 


follows ; 


P 




(8.15) 


W 


v V 4 
“ 8 P ^0 


(8.16) 


Ohe time of squeezing t is thaa obtained as 
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Trr h 

' 0 / i dh 

aw {, p 

f 


(8.17) 


iiS before for low ooncti trations expressions 

for and t be approzitaljed in the foli,o’.ving foisis : 


3ir p^vr 


0 0 5S 


(8.18) 


5'n' r 

t = - - ‘t 

15 W h^ 


(8,19) 


where W and t ar.t same as defined in equations (S.12) and (8.13) 
respectively. 


Since the expressions ^or W and t are sit .o as in the previous 
case, the same behaviour follows here also. 


8.4 CILINDRICAI SURPACE MODEL 


Here, we approximate, the joint geonapry with two cylindrical 
surfaces as shown in fig. 8.1-c, The film thinness function h in this 
case is given by 


h = h 1 + ] 

t- 


( 8 . 20 ) 


where 2h is the Tninimurt film thickness and R is the equivaloht radius 

ra 

of the cylindrical surfaees^ !Bae basic equation goTeming the 
pressure corresponding ic this case is given as follows : 


dx dx 


( 8 . 21 ) 
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v/here, P is the sane as defined in equation (8,3 )» aiid is a function 
of X. 


Ihtegratin,';j equation ( 8 . 21 ) and using conditions ( 8 . 5 ) for p, 
the pressure is determined as follows : 


I 

P = / 

X 



( 8 . 22 ) 


Ihe load capacity of the joint W is given as, 

£ 2 

W = 2b Y / ~ dx (8.23) 


Hie time of squeezing t , then can be v/ritten as, 



h. 


/ 

h. 


[ / 


P 


dx 3 dh 


(8,24) 


To see the various effects qualitatively the expressions for 

£2 

V/ and t are approximated for Xo, « 1 , 7 :; — « 1 and tanh yh 1 , as 

d Kxl 

m 

follows ; 


where, 


2 b y 

W W 

m 

t = 5 — t 


9£ 


w = Cl - 


3XC. 


6 £' 


.) + 

lORhj^ yh 

3£2 


[ Cl ■) 


yh 


— Cl •) ♦ 

2M1. Y^l>„ 


9a^ 

Cl )3 


m 


m 


SPOi. 


TU 


(8.25) 

(8.26) 


(8.27) 
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and, 


2 

t = {1-M } 


2 h 3 

> 


^ ^ jC 

[(i-e > - 


Yh£ 

3 


T X ■') 2 “! fi ^ 4 

.±^ ( 1Jl.+ -±-) {l-C— ) } 
2Yh^ 5 Rh^. Yrx. ^ ^ 


—_ — C — + —){!-(—)''}- — — - — 


-{(1-0 }] 

f 


(8.28) 


In. fig. 8.4 the function W has been plotted for different 

£2 

values of Yh and Xc, with (— — = .2). It is noted from the fig. 8,5 
m d Bh 

m 


that the W and hence, the load capacily W, decrease as XC, decreases, 


£2 

or as Yh increases. For 7;;-“ = .2 and XG, = ,2, the decrease in load 
' n Hh d ’ 

m 

capacity for normal joint (Yh^ = o), in comparison to diseased joint 
(Yh^ = 10) is about 11.7^. 


In fig. 8.5, the graph has been plotted for t against h^h^ for 

different values of XC,, and yh^. It is noted that, time of squeezing 

d f 

t, (t)j also decreases as XC^ decreases or asYh^ increases.- 
8.5 GOICILTIOIFS 

In this chapter, the characteristics of diseased joints have 
been studied in various cases by considering the Newtonian behaviour 
of the synovial fluid which is caused due to decrease in concentration 
of hyaluronic acid molecules and change in their structure. It has 
been shown, that both the load capacity and time of approach decrease^ 
as the joints become more and more diseased. 
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